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Abj^tract 

Cesium  oxythiomolytKialc  (Cs^MoOSi^)  is  under  consickralltjn  itb  \a  high  temperature  .solid  lubricant  for  silicon  nitride  bcarings- 
However^  Cs-.MoOia^  oxidizes  below  the  proposed  maxi  mum  use  tempeinturc  of  800  and  the  oxidation  is  complex. 

la  the  presence  of  silicon  nitride,  the  oxidation  reactions  change.  TTic  purpose  of  the  present  rcsearcb  was  to  determine  the 
chemistry  of  Cs-MoOSj  coalings  grown  by  pulsed  laser  depO-Sition  (PLD)  on  several  substrates  SiC,  Inconel,  AI^O^  and 

ZrOi),  and  to  determine  the  changes  in  chemisLiy  and  crystai  structure  after  annealing  in  air  to  temperatures  up  to  800  "^C.  Many 
of  die  oxidation  products  identified  are  expected  to  be  lubricious  at  elevated  Demperatiires.  ©  2002  Elsevier  Science  B.V.  Ail 
rights  reserved. 

Keywords;  Cesium  oxythiomolybdutc  (Cs.MoOS^.);  TriboiegyL  X-Ray  diffracdon  (XRD);  X-Ray  photoeicctren  spectroscopy  (XPS) 


L  Introduction 

Cesiuin  oxythioinolybdate  (CsiMoOS^)  i;^  under  con- 
iideration  as  a  high  temperaLLune  solid  lubricant  for 
silicon  nitride  bearings.  King  and  Asmerom  were  the 
first  to  use  CS2M0QS3  a.s  u  lubricant  [1]^  and  noted  that 
CsjMoOS^  changes  color  from  its  original  blight  red- 
orange  to  a  white  powder  during  high  temperdture 
testing,  indicating  a  change  in  chemical  composition. 
Strong  et  ah  [2]  previouf^ly  showed  that  oxidation  of 
CS2M0OSJ  is  complex,  leading  to  a  variety  of  products 
in  the  desired  application  range  of  400-800  includ¬ 
ing:  CS2SO4,  which  further  decoini50ses  to  cesium  oxides 
and  SO^  gas;  and  other  complex  cesium 

molybdates;  and  MoOj, 

The  CS2M0OS3  powder  from  Dc  si  lube,  which  was 
used  in  this  study,  did  not  have  the  stoichiometry  and 
crystal  stmeture  described  in  the  titeratiire  [2-5].  It  was 
sulfur-deficientK  and  ctjnsistcd  of  approximately  1/2 
CSiMoOS^,  1/4  Cs2SQ^,  and  the  remainder  was  cesium 
molybdates,  mrjiybdeniim  oxides^  and  M0S2-  In  addition. 


■^Corresponding  author.  TeL:  -I- 1 -937 -255-8  U>4;  fax:  -I- 1-937-656- 
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thermogravimetflc  analysis  and  Fourier  transform  infra¬ 
red  spectroscopy  (PT-IR)  revealed  that  CsiMoOS^  is 
slightly  hygroscopic  [2] . 

King  and  Forester  .siiggesEed  that  there  may  be  inter¬ 
action  between  CStiMoOS^  and  silicon  nitride  substrates 
[6].  To  explore  this  possibility^  Strong  el  al.  heated 
Si3N4  and  Cs^MoOSj  powders  together  in  air,  and 
analyzed  the  oxidation  products  [7].  When  heated 
between  600  and  800  ""C  in  the  presence  of  silicon 
nitride,  many  oxidatitm  products  formed  wrere  the  same 
as  for  pure  CS:;MoOS3  powder.  However^  cesium  oxides 
were  not  detected,  and  a  significant  amount  of 
CS2M0O4  was  found.  Most  importantly  there  was  strong 
evidence  that  oxidation  of  the  Si:,N4  to  amorphous 
Si02  Sn  the  presence  of  the  alkali  cesium  ions  led  to  the 
formation  of  a  cesium  silicate  glass. 

Cesium  oxythioinolybdate-based  lubricants  have  been 
applied  by  burnishing,  mixing  in  greases,  continuous 
powder  feeding,  and  matrix  binding  [8].  However,  these 
deposition  methods  have  not  proven  optiEnal  to  prevent 
failure  and  ensure  long  wear  life.  Burnished  powders 
and  applied  greases  need  to  be  replenished  often.  Con¬ 
tinuously  supplied  powders  require  a  supply  system  and 
consume  a  ^^igniricant  amount  of  powder  over  time. 
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Fig.  1.  Pulsed  laser  depasition  (PLD)  sysieiu. 


Bonded  coalings  may  exhibit  poor  adhesion  to  the 
substrate.  A  method  of  depositing  Cs^MoOS;,  coalings 
with  precise  thickness,  good  adhesion,  and  lubricious 
chemistry  was  desired. 

Pulsed  laser  deposition  (PLD)  is  an  excellent  method 
of  depositing  tii]x>logical  films,  and  these  films  often 
exhibit  superior  tribological  performance  when  com¬ 
pared  to  films  deposited  by  other  methods  [9] ,  PLD  was 
cho.sen  as  ihe  deposition  method  for  Cs^MoOSj  in  this 
study  primarily  due  to  its  characteristic  of  replicating 
the  target  chemistry  in  the  film.  Using  PLD  to  grow 
films  was  expected  to  simplify  identification  of  the 
compounds  before  and  after  annealing.  In  addition,  the 
thickness  of  PLD  films  can  be  controlled  from  a  few 
nanometers  to  as  much  as  several  micromeleis.  Also, 
PLD  has  been  found  to  deposit  highly  adherent  films. 
However,  pulsed  laser  deposited  solid  films  are  thin, 
and  are  not  suited  to  long-term  use.  Instead,  PLD  films 
are  most  advantageously  employed  for  short-duration, 
one-time  applications. 

The  purpose  of  the  present  research  was  to  determine 
the  chemistry  of  Cs^MoOS;,  coatings  grown  by  PLD, 
and  to  determine  the  changes  in  chemistry  after  anneab 
ing  in  air  to  temperatures  as  high  as  BOO  ""C.  Silicon 
nitride  and  SiC  were  used  to  explore  the  possible 
fnrmaiinn  of  a  cesium  glass  lubricant  on  the  surface  of 
silicon-containing  substrates.  Alumina  (ALO.O,  zirconia 
(ZrO^),  and  inconel  were  selected  to  determine  if  other 
lubricious  oxidation  products  (e.g.  Cs2SO^,  CS2M0O4 
and  M0O3)  formed  when  the  films  were  annealed. 
Analysis  concentrated  on  the  Cs2MoOSi/Si3N4  system, 
since  silicon  nitride  has  excellent  properties  for  bearing 
applications  at  elevated  temperatures  [lOj.  Understand¬ 


ing  the  thermal  chemistry  of  the  film  is  important  to 
elucidate  the  lubrication  mechanism  in  engineering 
applications. 

2.  Expcrtmental  details 

2.1.  Pw/jeJ  ktser  cle post  f  ion 

Cesium  oxytbiomolybdate  powder  obtained  from  the 
Desilube  Corporatjon  was  cold  pressed  into  2.54  cm 
diameter  targets  for  pulsed  laser  deposition.  Other  pow¬ 
ders  used  a.s  standards  (813^4,  Cs>Mo04,  M0O3, 
CS2SO4,  Cs2Si03  and  M0S2)  were  obtained  from 
Alfa-Acsar,  and  were  reported  as  99.95%  pure.  Poly- 
crystalline  p-SijN^  and  SiC  substrates  were  obtained 
from  International  Ceramics  Engineering  and  Insaco, 
respectively^  and  were  99. 9%  pure  polycryslalline  mate¬ 
rials.  Inconel  alloy  718  was  employed  as  one  substrate. 
The  oxide  substrates  were  also  poly  crystalline  and 
99.9%  pure.  All  substrates  were  polished  to  a  l-|jim 
finish-  Silica  interfaces  were  crystalline  thin  films  (25 
nm)  grown  on  silicon  wafers  and  were  obtained  from 
Process  Specialties.  These  substrates  had  a  surface  finish 
much  smoother  than  1  pm,  typical  for  the  electronics 
industry. 

A  Lambda  Physik  KrF  excimer  laser  produced  light 
at  a  wavelength  of  24B  nm,  which  was  delivered  to  the 
PLD  chamber  A  diagram  of  the  system  is  shown  in 
Fig.  1.  The  laser  light  reflected  off  of  a  programmable 
mirror  which  raslered  the  beam  acros.s  the  target  in  two 
dimensions,  in  order  to  evenly  remove  material  from  the 
surtacc  and  to  minimize  pitting.  The  beam  then  passed 
through  a  focusing  lens  and  a  magnesium  fluoride 
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window^  which  ttansmiCLed  y3%  of  the  beaTn^s  intensity. 
The  laser  beam  struck  the  target  at  a  4,^"  angle,,  and  the 
SLibsLrate  was  positioned  along  the  target  nomiaS  a[  a 
distance  of  10-8  cm  at  an  angle  of  45^  to  the  target 
nonnal.  The  target  and  substrate  were  rotated  during 
deposition  to  optiTni?.e  coating  uni  form  iLy.  The  beam 
was  focused  to  a  recLangular  spot  (5,7  X  LS5  mm)  as  it 
hit  the  target.  The  target  and  substrate  were  contained 
in  a  vacuum  chamber  with  a  pressure  of  5X10“^  torr 
or  less.  Ail  films  w^ere  grown  using  300  mJ/pulse,  and 
a  repetition  rate  of  20  Hz.  The  energy  density  was 
approximately  2,3  J/cm^  at  the  target  surface  (power 
density  -- 1 X 10^  W /cm^).  Tlie  laser  pulse  duration  was 
20  ns.  The  laser,  raftering  mirroi;  and  deposition  time 
were  controlled  by  computer  to  ensure  reproducibility. 
Additional  details  of  the  pulsed  laser  deposition  system 
have  been  described  previously  [ll]. 

Before  deposition  substrates  were  ultrasonically 
cleaned  in  acetone  for  10  min  and  methanol  for  3  min. 
Afcer  positioning  in  the  deposition  chamber,  the  sub¬ 
strates  were  cleaned  by  argon  ion  sputtering  with  a 
Kauffman  source  for  10  min.  Cs2MoOS^  films  were 
deposited  on  SiC,  Inconek  Al^O;^  and  ZrOi 

substrates  at  room  temperature.  I’he  CsiMoOS^  films 
were  nominally  1  thick,  and  required  approximately 
15  min  to  g^ow^  Thin  CS2M0OS3  films  (150  nm)  were 
grown  on  a  substrate  in  order  to  use  X-ray- 

phot  oelectron  spectroscopy  (XPS)  and  XP5  depth  pro- 
filiiig  to  study  the  interfacial  chemical  compositi{}n  of 
the  films  after  annealing  in  air. 

To  detect  the  background  gas  species  generated  during 
PHD,  CS2M0OS3  was  laser  ablated  in  the  presence  of  a 
Farran  Scientific  Micropole  quadrapofe  mass  spectrom- 
cten  The  spectrometer  had  a  mass  range  of  2-65  amu. 
The  PLD  system  used  in  this  experiment  w^^s  employed 
at  an  enei^y  density  of  approximately  2  J/cm"  The 
repetition  rate  was  20  Hz.  The  background  pressure  was 
6X10“’^  torr.  The  mass  si>ectrorneteT  was  located  33  cm 
From  the  target  at  approximately  45''  from  the  target 
normal,  A  plate  was  installed  2  cm  in  front  of  the  mass 
spectrometer  head  such  that  the  line-of-sight  between 
the  target  and  the  mass  spectrometer  was  eomplctcly 
masked.  Therefore,  only  backgrx-jund  and  scattered  gases 
were  detected. 

Films  deposited  on  were  annealed  at  300,  600 
and  800  ""C  in  air.  Films  deposited  on  other  substrate.^ 
w^ere  annealed  at  6(K)  "^C.  The  films  were  annealed  for 
6h. 

2-2.  Fitm  cfiarnct^riz^Uan 

After  annealing,  films  w^ere  analyzed  by  scanning 
electron  microscopy  (SEM),  XPS,  X-ray  diffraction 
(XRD),  and  Raman  spectroscopy,  to  detect  changes  in 
chemical  composition  and  ciystal  structure  with  anneal¬ 
ing  temperature.  Scanning  electron  microscopy  was 


performed  on  a  LEICA  360  Field  Emission  scanning 
electron  microscope.  The  samples  were  coated  with  a 
few  nanometers  of  gold-palladium  for  charge 
neutralization. 

X-Ray  phoLycIccmn  spectroscopy  was  performed  in 
a  Surface  Science  Instruments  M-probe  XPS  instrument 
operated  at  a  base  pressure  of  <  1  X 10^’  ton.  Using  an 
A1  anode,  a  4G(JX1000  pm  line  spot,  and  25  eV  pass 
energy,  the  full  width  at  half  maximum  of  the  Au  4f7/2 
peak  was  0.85  eV.  Binding  energy  positions  were  cali¬ 
brated  against  the  Au  peak,  and  energy  separations 
were  calibrated  using  the  Cu  3s  and  Cu  2p3_/2  peaks  at 
122-39  and  932.47  eV,  respectively.  The  full  width  at 
half  maximum  of  the  Au  4fj/2  was  0.71  eV,  and 
the  detection  limit  was  less  than  2,.0%.  Peak  fitting  was 
performed  to  calculate  chemical  composition.  Samples 
were  typically  sputtered  for  1  min  prior  to  analysis  to 
remove  surface  carbon  and  oxygen.  Samples  were  insu¬ 
lating,  so  an  electron  flood  gun  w^as  used  for  charge 
neutralization, 

A  Rigaku  D/max-B  diffractometer  equipped  with  a 
thin  film  attach ment  and  a  monochromator  was  used  to 
perform  X-^ray  diffraction.  Chemical  phase  identification 
was  perfonned  using  a  computenbased  system  with  the 
standard  Powder  Diffraction  File  (PDF)  library  [5] 
embedded  in  it-  Glancing  angle  XRD  was  taken  at  an 
angle  of  2-3®  with  the  substrate  surface  to  enhance  the 
signal  from  Che  film. 

Micro- Raman  spectroscopy  was  performed  with  a 
Renishaw  Raman  microscope,  and  la-ser  light  at  514,3 
nm  from  an  Ar"^  laser  was  used  in  the  analyses. 
Calibration  was  performed  with  the  Si  peak  at  520,7 
cm“'-  In  .some  cases,  Raman  spec-tniscopy  was  per¬ 
formed  on  a  SPEX  1877  0.6  m  triple  sp^trometer  The 
results  from  the  two  instrumenLs  arc  directly  comparable 
when  the  data  are  normalized. 

3*  Results 

J./.  SEM  aruilysis  &f  PLD  filmx 

CS1M0OS3  films  appeared  uniform  by  vi.sual  inspec¬ 
tion  upon  removal  from  the  PLD  chamber.  After  aging 
in  lahomtory  air  for  several  hours,  the  films  became 
mottled;  films  stored  In  vacuum  remained  uniform-  Fig. 
2  shows  SEM  micrographs  of  as-deposited  (a,b)  and 
aged  (c,d)  films  deposited  on  Si^N4.  Upon  closer  inspec¬ 
tion  at  high  magnificaEion  (h,d),  it  is  apparent  that  both 
films  have  humps,  cracks,  and  tiny  boles,  but  the  as- 
deposited  films  are  smoother  than  the  aged  films.  The 
aged  films  also  have  small  white  areas,  which  are 
approximaLely  250  p.m  long  and  50  p-m  wide.  Since 
CS2M0OS3  is  hygroscopic  [2],  mottling  may  be  caused 
by  hydration  of  the  film  surface.  Fig.  2  also  shows  SEM 
tnicjTOgraphs  of  a  film  aller  annealing  to  600  (e*f).  It 

is  also  rough,  and  has  while  areas  (approx.  300x100 
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Fjg.  2-  SE>1  mtcmgrapha  of  Cs^MoOSj  filnv  {a»  as-dcposiled  un  (c^c))  tJepo-^itcd  on  Sl,N^  and  aged  in  ambicnl  air;  and  (e.O  deposited 

on  SijNj,  and  annealed  at  df)!}  in  air. 


fJLin)  evenly  distributed  across  rhe  surface™  Auger  elec¬ 
tron  spectroscopy  sampling  an  area  of  50X50  ptm, 
confirmed  no  significant  difference  in  the  clieinical 
compositions  of  tlie-  dark  and  white  areas, 

3.2.  Mfiss  spectrascopy 

The  background  gases  present  in  the  chamber  before 
ablating  the  target  were  primarily  water  vapor  and 
carbon  dioxide.  Species  at  2H,  32,  48  and  64  a  mu 
appeared  during  laser  abiation  of  Cs:2MciOS3,  as  shown 


in  Fig^  3.  The  cnost  important  tfeervation  w^as  that 
sulfur  was  contained  in  the  background  gas  and  was 
likely  to  be  putnped  away,  leading  to  a  sulfur  deficiency 
in  the  resuiting  films.  Masses  ap|>earing  at  32  amu  (S), 
48  (SO),  and  64  (Sj)  support  this  conclusion. 

3.3.  XPS  an^lysL^ 

XPS  was  used  to  determine  film  stoic hiollfllet^>^  Car¬ 
bon  and  oxygen  were  present  as  surface  contamination^ 
but  were  almost  entirely  removed  with  sputter  etching. 
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Rg.  X  sp«:.tro;^T:nin  of  bai^k^ouncl  g^se?i  m  dcpoJ5it[on  chamber 
during  laser  abEation  of  CsiMoOS^. 

Any  remaining  carbon  on  the  surface  wa??  not  considered 
in  the  analy&ls.  Ail  the  oxygen  was  included  in  the 
analysis,  as  it  is  difficult  to  differentiate  O  conLami nation 
fujm  oxygen  contained  in  C^2^\oOSy  or  the  oxide 
substrates. 

Determining  the  atomic  concentrations  of  N,  Mo  and 
S  was  diffiCLilt  due  to  peak  overiap.  The  Mo  3di/^  and 
3ds/2  peakji  (230  and  227  eV)  nearly  overlap  the  Cs  4s 
peak  (231  eV)  and  the  S  2s  peak  (229  eV).  Also,  the 
S  2p  peaks  at  164/16S  eV  are  between  the  Cs  4p^^^ 
and  4pi/2  peaks  at  162  and  172  ey  respectively.  The  S 
2p  peaks  v^^e^e  chosen  for  analysis.  Peaks  were  decon- 
voluted  by  constraining  the  Cs  peaks  to  remain  10  eV 
apart.  The  N  ]s  peak  at  399  eV  is  close  to  the  Mo 
-Pi/2  complicating  the  analysis  of  N 

and  Mu.  The  Mo  3p|_/2  at  410  eV  was  selected  for 
analysis.  Peak  shifting,  broadening,  and  asymmetry 
toward  lower  binding  energy  were  cotnmon  due  to 
sample  charging  and  charge  ncacralization  with  the 
electron  flood  gun.  The  X-ray  spot  was  larger  than  the 
white  areas  on  the  films,  so  LhaE  only  an  average  sui'face 
composition  was  measured. 

Chemical  composition  of  the  l-|ULm  thick  Cs2MoOSj: 
films  deposited  on  each  substrate,  and  changes  in  com¬ 
position  with  annealing  temperalnre  are  shown  in  Table 
1.  As“ grown  films  were  deficient  in  S  and  Mo,  and  rich 
in  O  when  compared  to  the  starting  powder.  In  general. 


as  the  annealing  temperature  increased,  the  percentages 
of  Cs,  Mo  and  S  decreased^  and  that  of  O  increased, 
indicating  oxidation.  Sulfur  was  not  detected  on  samples 
iieated  above  room  temperature  except  in  films  deposited 
on  [nconeh  w^hich  also  had  high  room  temperaLure 
concentrations  of  snlfun 

For  films  deposited  on  Si3N4,  Si  and  N  were  evident 
even  before  heating,  which  is  consistent  with  the  pres¬ 
ence  of  cracks  and  holes  as  seen  in  Fig,  2.  The  presence 
of  these  defects  may  indicate  poor  film  adhesion  to  the 
substrate  or  excessive  film  stre.ss  at  room  temperature. 
As  stated  above,  N  was  difiicnlt  to  detect,  and  the  values 
in  Table  1  reflect  that  uncertainty.  When  these  films 
were  heated  to  3Q0  '"C,  the  percentage  of  Cs  increased 
and  that  of  O  decreased,  contrary  to  the  general  results. 
This  may  have  been  due  to  the  formation,  melting,  and 
spreading  of  cesium  oxides  on  the  film  surface,  pre¬ 
venting  detection  of  the  underlying  elements.  This  trend 
w™ld  be  expected  if  the  cesium  oxides^  such  as  Cs^O^ 
or  Cs^O^  had  a  higher  concentration  of  Cs  and  a  lower 
concentration  of  O  than  the  underlying  film.  Most 
cesium  oxides  melt  between  4GQ  and  600  [12]. 

At  annealing  temperatures  of  600  and  SOO  the 
sample  surfaces  contained  primarily  Si  and  O,  with 
small  amounts  of  Cs  and  Mo.  The  general  oxidation 
trend  resumed  (i.e.  the  O  concentration  increased)^ 
indicating  that  the  cesium  oxides  were  no  longer  con¬ 
centrated  at  the  surface.  Betw^een  6tK)  and  SOO  ®C,  there 
was  a  sharp  decrease  in  the  amount  of  Mo.  This  would 
be  expected  if  M0O3  was  formed  in  the  annealed  films. 
This  compound  sublimes  at  approximately  700  ""C  [13]. 


I 

Atcunic;  pcrccnl  ccunpofiliun  of  pulsed  IJiser  ctepoSLted  Cs-^MoOSa  Tiiin 
SUrfiiees  after  annealing,  as  determined  from  XPS 


Sub^tr^ile 

Temperature 

Atomic  cQmpcKLtJon 

Cs 

Mo 

0 

S 

Si 

N 

n/a 

Calc  ulrtad 
RloichiomeLrii; 

2S.6 

14.5 

]4.3 

42.9 

n/a 

A  Si- received 
pewder 

27.6 

16.5 

25.4 

3(15 

Si,N, 

25 

26.5 

47.1 

4.1 

120 

2.3 

300 

35.7 

7,5 

59.^ 

0 

17.0 

0 

6tX} 

t3.a 

4.4 

70.1 

0 

19.7 

0 

Si,N, 

m} 

6.1 

0.2 

64.5 

0 

2^.2 

0 

SiC 

25 

1.4 

52.1 

S.5 

0 

SiC 

600 

1.5.4 

3.2 

S1.3 

0 

0 

A],0, 

25 

.5(15 

6.7 

56.S 

6.1 

A],03 

600 

24.1 

9.7 

66.2 

0 

ZrO^ 

25 

39.^ 

M.9 

48.2 

0 

ZfOs 

600 

1.5.3 

13.5 

71.2 

0 

Incofie] 

25 

33.6 

11.0 

41.6 

13.8 

Irbcone] 

600 

n.s 

27 

77.6 
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Fig.  4.  XF^  depth  profiles,  Cs^MoOS^  dcpo^Ucd  an  Si^N4,  1  ^ini 
^Inn^. 

S.4.  XPS  depth  prujtles  of  CszMoOS^  FLD  thin  films 

XPS  depth  profiles  were  performed  on  L  pm  Lhick 
lilmK  ^own  on  Sj3N4  as-deposited  and  al'Ler  annealing 
at  300  and  600  to  determine  subsorface  stoichiometry. 
These  depth  profiles  are  shown  in  Fig.  4.  The  compo¬ 
sition  of  the  film  at  25  ""C  was  nearly  constant  to  a 
depth  of  140  nm.  Films  annealed  at  300  and  600 
both  showed  a  decrease  in  Cs  and  O  and  an  increase  in 
Si  and  N  with  depth,  implying  interdiffusion  betw^een 
the  film  and  the  substrate.  No  S  was  detected  in  the 
annealed  111  ms  to  a  depth  of  140  nm. 

A  150  nm  thick  fdm  grow’n  on  Si^N^  was  depth 
profiled  to  monitor  changes  in  the  chemical  composition 
at  the  film /substrate  interface  with  annealing  tempera¬ 
ture.  Analysis  was  performed  immediately  following 


Him,  growth,  after  aging  in  ambient  air  for  seveml  weeks, 
and  after  annealing  to  fvW  and  SOO  *C.  Depth  profiles 
are  shown  in  Fig.  5-  The  as-deposited  and  aged  films 
were  assessed  to  determine  the  effect  of  hydration  on 
the  fdm  chemical  composition.  The  depth  profiles  of 
the  two  rilms  wem  identical-  The  composition  of  these 
films  was  consti'int  to  an  approximate  depth  of  150  nm. 
At  that  point,  an  abrupt  interface  was  detected,  w^here 
the  concen  [rations  of  Cs  and  O  dropped  below^  10%^ 
and  the  concentration  of  Si  was  apprtjximately  90%. 
Nitrogen  wa.s  mil  differentiable  from  Mo^  so  neither  w'as 
plotted  in  Fig.  5  for  the  room  temperdturc  film.  Peak 
shifting,  indicating  a  change  of  chemical  state,  was  not 
detected  except  in  O  in  the  top  5  nm  of  the  film,  where 
the  peak  shilled  from  53  LI  to  529.6  cV,  indicating  that 
the  O  detected  at  the  surface  was  contamination  (H2O, 
CO2  or  O2).  The  subsurface  O  was  contained  in  oxides 
and/or  sulfates.  The  shift  was  apparent  in  both  aged 
and  as-deposited  fdms,  which  Is  somewhat  surpris.ing. 


Fig.  5.  XPS  depth  profiles^  Cs^MoO^n  dcpofti  ted  on  !50  nm 

rilm:). 
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Fi^.  6.  XRD  specira  o(  OjMofOS^  films  ss-tkpQsi ted  on  severaJ 
subsifates. 

since  the  as-dept]5^ited  film  bad  been  exposed  to  aaibieni: 
air  for  only  a  few  minutes  during  transfer  to  the  XPS 
chamber.  It  is  apparent  that  Cs^MoOS:^  reacts  with  water 
and/or  oxygen  quickly  when  exposed  to  the  atmosphere. 

After  annealing  at  6(M>  and  800  ^C,  S  and  Mo  were 
undetectable  in  the  150  nm  films.  The  amount  of  O 
greatly  increased  in  the  films  and  into  the  substrate.  The 
amount  of  Cs  at  the  surface  decreased.  After  annealing, 
3-5  at.%  Cs  wa.s  found  at  a  depth  greater  than  400  nm, 
much  deeper  than  the  original  film  thickness.  It  was  not 
likely  that  the  ion  sputtering  caused  ‘kncM^k  in"  of  the 
Cs  (driving  the  Cs  into  the  substrate),  since  this  phe¬ 
nomenon  was  not  observed  in  the  as-deposited  filins- 
An  interface  was  no  longer  distinguishable  at  either 
temperature.  The  film  annealed  at  600  ^C  was  primarily 
silica  to  a  depth  of  50  nm,  and  when  annealed  at  800 
the  silica  layer  was  at  least  200  nm  thick. 

One  explanation  for  the  appearance  of  a  gradual 
interface  might  be  the  "pooling'  of  the  film  material  on 
the  surface  of  the  suhstrale  during  heating,  forming 
discontinuous  islands  of  film.  Since  the  XPS  sample 
size  is  large>  it  is  possible  that  the  signal  detected 
reflected  an  average  of  the  islands  of  film  and  the 
exposed  substrate.  As  more  of  the  film  wd,s  sputtered 
aw^ay,  the  results  would  indicate  a  gradual  transition 
fnTm  the  film  composition  to  that  of  the  substrate,  jusi 
as  was  obsen-ed  in  this  case.  However,  the  SEM 
evidence  does  not  support  [his  explanation.  Islands  are 
not  formed,  so  inLerdiffusion  between  the  film  and  the 
substrate  is  the  likely  explanation  for  the  observed 
compositional  variation  with  sputter  dcptii. 

3.5.  XRD  analysis 

XRD  of  as-deposited  Cs2MoOS;j  films  revealed  that 
the  crystal  structure  was  different  from  that  of  the  parent 
niateriaU  and  also  different  from  the  powder  diffraction 


file  (PDF.)  standard  for  CszMoOS.,  [5].  These  results 
are  shown  in  Fig.  6.  Peak.s  due  to  CsjMoOS;,,  MoS^k 
MoOj  and  CS2SO4  were  ideniified.  The  crystal  structure 
of  the.se  films  was  nearly  identical  on  every  substrate 
except  Inconel.  As  shown  in  Fig.  6,  the  film  deposited 
On  Inconel  had  a  significant  MoS^  peakr  This  result  was 
consistent  with  the  higher  concentration  of  sulfur  iden¬ 
tified  in  these  films  with  XPS- 

As  the  films  were  annealed  in  air  to  progre.'^sively 
higher  temperatures,  the  film  strucrune  changed  signifi¬ 
cantly.  Fig.  7  compares  films  deposited  on  Si^N^  and 
annealed,  and  also  shows  the  peuks  of  the  PDF  standard 
for  Si:,N^.  It  vi^as  difficult  to  identify  specific  phases 
jforn  these  spectra  due  to  the  large  number  of  possible 
oxidation  prciducts;  therefore,  the  peak  assignments  may 
not  be  unique.  Ibe  fihn  annealed  Lo  3(X)  X  contained 
CS2SO4.  The  primary  compt>unds  ideiitified  at  600 
were  cesium  oxii^s^  molybdenum  o.xides,  and 
Cs:Mo04,  CS1SO4  was  no  longer  apparent.  Crystalline 
SiOn  (cristobalite)  was  identified  in  the  sample  heated 
to  H(>0  X. 

The  spectra  of  the  t1lms  deposited  on  each  of  the 
substrates  and  annealed  at  600  ""C  are  compared  in  Fig. 
8.  While  each  spectruni  appears  lo  be  unique,  they  are 
actually  quite  similar.  Most  of  the  differences  can  be 
attributed  to  peaks  associated  with  the  various  substrates. 
In  each  spectrum,  cesium  oxides,  molybdenum  oxides 
(including  MoO-^),  and  cesium  molybdates  (including 
CsiMoOj)  were  identified.  However,  the  peak  intensities 
for  these  compounds  varied. 

3.6.  Rarmm  analysis 

Raman  spectra  for  Cs^MoOS^  films  grown  on  Si^N^ 
and  annealed  in  air  are  shown  in  Fig.  9.  Raman  con- 
firn>ed  that  the  crystal  structure-  of  the  parent  material 
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Rg.  7.  XRD  spectra  of  CsjMttOSit  films  deposited  rJn  annealed 
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Fig.  S.  XfitD  sp&cLrji  of  Cs^MctOSj  deposited  on  su'hsl.raici, 

unne^ded  sic  6fl0  in  air. 

and  Lbe  rmiu  temperature  films  were  dissimilar  The 
spectra  were  compared  to  standards  of  Si3N4,  Cs2MoO^, 
MoOj,  CsjSiOi,  MoS^,  and  the  literature  [H]. 

None  identically  matched  the  films.  In  spectra  idr  the 
as-deposited  film  and  the  film  annealed  at  300  the 
large  peaks  at  463  and  473  cm "  ^  are  characteristic  of 
pulsed  laser  deposited  Cs^MoOSj  films.  The  other  com- 
pounds  identified  in  the  film  annealed  at  3UQ  X’  were 
Cs^MoO^,  MoSj  and  M0O3.  There  was  a  strong  indi¬ 
cation  of  CS2M0O4  in  the  film  annealed  at  600  X,  as 
w^as  seen  in  XRD.  Tlie  unidentified  peaks  in  the  600 
and  SiQO  X  spectra  are-  likely  associated  with  cesium 
oxides j  molybdenum  oxides,  and  cesium  molybdates  for 
which  standards  and  literaLurc  data  were  unavailable, 
but  which  were  identified  in  XRD. 

Raman  spectra  of  Cs2MoOS;:t  films  as-deposited  on 
other  substrates  (A  12:0;, ^  ZrO^j  SiC  and  Inconel  —  not 
showm)  ccmfirni  Che  XRD  results.  The  films  were  nearly 
identical  to  those  deposited  on  -Si^N*  except  the  film 
deposited  on  Inccmefi  which  had  two  major  peaks  at 
377  and  477  cm”'  due  to  MoSj  [14].  At  600  the 
films  changed  significantly.  Each  spectrum  exhibited 
peaks  due  Co  the  underlying  substrates,  along  with  those 
of  MoO;,,  Cs^MoGj  and  other  oxides^  wdth  dilfering 
intensities. 

4.  DlseiissLoii 

This  study  has  showui  that  pulsed  laser  deposition  can 
be  used  to  deposit  thin  films  oY  Cs^MoOS.^  on  a  variety 
of  substrates.  They  wece  parLially  crystalline,  and  had  a 
different  stoichiometry  and  crystal  structure  from  both 
the  published  data  for  Cs^MoOSa  and  the  parent  naaterial 
produced  by  the  Desilube  Corporation.  The  chemical 
composition  of  the  films  was  sulfur-deficient  and  oxy¬ 
gen-rich.  The  sulfur  deficiency  was  consistent  with  the 
mass  spectrometry  results  atid  the  low^  sulfur  concent  of 


the  as-received  CsjMoOS:^  powder.  The  increase  in 
oxygen  is  probably  due  to  reaction  of  the  film  with 
water  and  possibly  CO;  and  O2  w^ben  exposed  to  air. 
Cesium  oxythiomolybdate,  CSjSO^,  MoSn;  and  MoOj 
were  present  in  the  as-deposited  films. 

The  crystal  structure  of  as-deposited  films  was  the 
same  regardless  of  the  substrate  material,  with  the 
exception  of  the  films  deposited  on  Inconel.  In  these 
films,  MoS;  w^as  produced  preferentially  over 
CS2M0OS3  or  CS2SO4,  This  was  evident  fuim  Raman 
and  XRD  results.  The  cause  of  the  difference  in  films 
deposited  on  Inconel  is  unknown,  but  it  may  be  related 
to  its  metal  content. 

During  heating,  Cs.MoOS^  deposited  on  substratej^ 
containing  no  silicon  went  through  the  same  oxidation 
reactions  as  previously  found  for  CS1M0OS3  powder 
[2].  Oxidation  begins  at  approximately  400  ^C.  Between 
400  and  600  X,  CS2M0OS3  oxidized  to  which 

further  oxidized  Co  cesium  oxides  and  SO^  gas.  Cesium 
molybdates  (including  CS2M0Q4),  and  molybdenum 
oxides  (including  M0O3)  were  also  formed. 

When  CS2M0OS3  was  deposited  on  Si3N[4  and  SiC 
substrates,  many  of  the  same  oxidation  products  were 
identified  after  annealing  at  6UU  '"C.  In  addition,  fihns 
deposited  on  Si^Nj  and  annealed  to  KQO  '^C  were- 
composed  primarily  of  Si  and  O,  with  a  few  percent  Cs, 
as  shown  by  XPS-  X-Ray  diffraction  revealed  Cristobal- 
ite  in  these  films.  The  prese-nce  of  crystalline  SiO^ 
indicates  that  at  shorter  times  or  at  lower  temi>eratuTies, 
glassy  Si02  existed. 

The  mechanism  for  glass  fomnaLion  may  be  as  fol¬ 
lows:  near  700  Si^Ni  is  know'n  to  oxidize  to 
amorphous  SiOi  [15J6I.  At  that  point,  cesium  ions 
from  molted  cesium  oxides  un  the  surface  diffused  into 
the  SiO;,  likely  forming  a  cesium  silicate  glass.  This 
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Fi|;.  9.  Rafnan  spectra  of  CKjhMoOSs  4cj>oKitHC£l  on  Si^Ni^  ^nin^alcd  in 
air. 
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accounts  for  the  decrease  in  the  percentage  of  Cs 
detected  with  XPS  at  600  X  and  above.  It  has  been 
found  previously  with  differential  scanning  calorimetry 
(in  combination  with  other  techniques)  that  mixtures  of 
CsiiMoOSa  and  SijN4  pciw-ders  formed  a  glass  at  appn.'jx-’ 
irnately  700  which  de vitrified  ( crystal lj7ed)  at 
approximately  S25  ""C  [7].  While  the  role  of  snlfur  in 
lubricious  CsjMoOSj  has  been  debated  [l>6,Snl7j,  in 
the  present  study  it  was  found  to  be  crucial-  The 
oxidation  route  proposed  ahKJve  requires  the  presence  of 
sulfur  in  order  to  produce  cesium  oxides  and  subsequent- 
iy^  cesium  silicate  glass  [18]. 

The  presence  of  the  particular  oxidation  pnjducts 
identified  is  significant  for  tribological  applications. 
Molybdenum  disulUde  is  a  well-known  lubricant,  which 
is  useful  up  Lo  approximately  350  1131.  All  of  the 

c^jmpounds  detected  at  600  *C  are  likely  LO  have  shear 
slrengLh  low  enough  at  that  temperature  to  be  lubricious. 
For  example,  molybdates  and  MoO^  have  low  coeffi¬ 
cients  of  friction  near  600  “C  1 13,19,20].  Cesium  sulfate 
and  cesium  oxides  may  act  as  lubricants  betwreen  their 
formation  temperalure  and  decomposition  or  melting 
temperatures  (approx.  300^-600  ^C)  [21],  Also^  pulsed 
laser  deposited  sulfates  have  been  shown  lo  have  low 
friction  at  600  "^C  [22]. 

The  cesium  silicate  glass  which  was  indicated  in  the 
Si;^N^4  system  is  also  likely  to  be  lubricious  at  elevated 
temperature.  Alkali  ions  are  known  to  reduce  the  vis¬ 
cosity  of  silicate  glasses  [23],  which  would  red=uce  the 
shear  strength  at  a  given  temperature,  and  increase  the 
lubricity  of  the  glass.  In  fact,  glasses  have  been  used  as 
lubricants  for  steel  working  for  over  50  years  [24]. 
Together,  the  combination  of  several  compounds  with 
difi'erent  melting  points  may  extend  the  lubriejous  range 
of  Cs^MtrOS:,  from  approximately  3(X>  to  approximately 
SOO  "C. 

The  formation  of  a  low  shear  strength  glass  has 
previously  been  postulated  as  the  lubrication  nrkechanism 
for  cesium  tungstate  (CsiWOSi)  bonded  coatings  (con¬ 
tain  ing  NajSiOi)  on  silicon  nitride  bearings  by  Rosado 
et  al.  [17].  Cesium  tungstate  is  comparable  to 
CsiMoOSj,  where  W  is  substituted  for  Mo  in  the 
crystalline  lattice,  in  Rosado^s  study*  it  was  thought  that 
at  elevated  temperature^  Cs^WOSj  decomposed  to  CS2O 
(m.p.=4-95  ""C)  [21]  and  SO3  gas.  The  cesium  ions 
from  the  melted  cesium  oxide  were  reported  to  react 
with  the  silicate  in  the  coating  to  funn  the  lubricating 
film  at  elevated  temperature.  In  the  present  case,  the 
silicate  binder  is  not  required  to  form  a  cesium  silicate 
glass  from  CS2M0QS3  iilms  deposited  on  SisN^ 
substrates. 

To  fully  understand  the  XPS  depth  profile  results*  an 
understanding  of  che  film  microstruclure  as  revealed  by 
SBM  is  helpful.  In  as-deposited  films,  nucleation  of  film 
growth  appeared  to  be  random,  followed  by  growth  in 
a  dendritic  scrucLUrt:  until  the  dendrites  grew  into  each 


other.  As  the  film  cooled  from  the  deposition  tempera¬ 
ture,  w^bich  was  slightly  elevated  due  to  the  impingemeDt 
of  the  film  ions,  the  film  cracked.  This  growth  mecha¬ 
nism  results  in  small  holes  and  cracks  in  the  film  at 
room  temperature,  which  would  allow  the  detection  of 
the  substrate  with  XPS.  As  the  films  were  annealed,  the 
filin  appears  to  diffuse  across  the  substrate*  'heaiing^ 
the  cracks  and  holes.  These  features  are  no  longer 
evident  in  annealed  films.  Thete  is  no  evidence  that  the 
film  material  Spools'  into  island-like  structures- 
The  XPS  depth  protlles  can  then  be  interpreted  as 
representative  of  a  gradual  interface  between  the  film 
and  the  substrate.  Tht  gradual  Interface  eliminates  the 
possibility  of  adhesive  film  failure.  Also,  during  rubbing, 
as  small  amounts  of  film  are  worn  aw^ay,  cesium,  which 
diffused  deeply  into  the  substrate,  would  continue  to  be 
available  to  reduce  the  viscosity  of  a  continuously 
forming  silicate  glass,  creating  a  ^self  healing"  film. 
Clearly^  pulsed  laser  deposited  CsnMoOS^  films  have 
the  potential  to  be  excellent  lubricants  on  si  I  icon-con - 
Laining  substrates,  and  may  perform  well  at  elevated 
temperatures  on  a  variety  of  substrates. 

5*  Conclusions 

The  purpose  of  the  present  research  was  to  determine 
the  chemistry  of  CS2.M0OS3  coatings  grown  by  PLD, 
and  to  deternfiine  the  changes  in  chemistry  and  mt>r- 
phology  after  annealing  in  air  to  temperatures  a.'i  high 
as  800  '"C.  The  primary  conclusions  draw^n  from  [his 
study  w^ere: 

1.  As-deposited  films  of  Cs^MoOS^  were  moderately 
rough  and  cracked,  and  were  not  pure  crystalline 
CsiMoOSj-  They  were  partially  crystalline,  contain¬ 
ing  CsnMoOSj,  Cs2S04^  MoSi  and  MoOj.  The  latter 
three  of  these  compounds  may  be  lubricious  at  room 
temperature  (M052)  or  elevated  temperature 
(CS1SO4  and  M0O3).  The  films  were  likely  hygro¬ 
scopic,  which  may  affect  perlormance  below  100  ^C. 
Films  depo.'iited  on  inconel  substrates  contained  more 
M0S2  than  films  deposited  on  other  substrates. 

2.  When  annealed,  films  oxidized  to  primarily  Cs^SO^ 
at  3U0  ^C,  which  decomposed  to  cesium  oxides  and 
SOjt  below  600  ^C-  Also  present  at  600'^C  were  cesium 
molybdates  (including  CS2.M0O4),  cesium  oxides,  and 
molybdenum  oxides  (including  M0Q3).  All  of  the 
solid  compi>unds  may  be  lubricious  at  elevated 
EemperalureS. 

3.  Films  deposited  on  Si^N^  and  annealed  Lo  8tM)  '"C 
also  contained  crystalline  Si02,  which  indicated  the 
presence  of  amorphous  silicate  glass  at  lower  temper¬ 
atures  or  when  heated  for  shorter  times.  The  combi¬ 
nation  of  silicate  glass  and  rneited  cesium  oxides  at 
temperatures-  between  400  and  800  is  likely  to 
create  a  cesium  silicate  glass  as  the  cesium  ions 
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diffuse  into  ihe  oxide.  This  glass  itiiiy  be  lubiieious 
at  elevated  temperatures. 

4.  Anneal i tig  films  deposited  on  to  600  ""C  or 

above  caused  the  diffusion  of  cesiuen  auto  the  sub- 
stnate,  eliminating  the  sharp  interlace  between  the 
film  and  the  substrate.  This  implies  that  the  film  will 
have  good  adhesion  at  elevated  lempcratuTe.  Cesium 
was  found  very  deep  in  the  substrate,  indicating  that 
the  formation  of  a  ccsiura  silicate  glass  surface  may 
occur  continuously  during  wean  which  would  provide 
a  ‘self  healing'  film. 

5.  Because  each  of  die  compounds  ft^rmed  by  the 
decomposition  of  Cs^MoOS;,  films  has  a  different 
temperature  range  over  which  it  is  lubricious^  these 
compounds  may  provide  continuous  lubrication  from 
300  to  son  ^C.  Pulsed  laser  deposited  Cs2MoO'S3  has 
gtKKi  poiential  as  a  high  temperature  solid  lubricant. 
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